Background While acetabular structural allografts provide an important alternative for reconstructions, concerns remain with long-term graft resorption, collapse, and failure. Midterm studies of minor column (shelf) allograft suggest reasonable survival but long-term survival is unknown. Questions/purposes We therefore assessed long-term graft/cup survivorship, functional scores, radiographic resorption, and complications associated with minor column allograft. Methods We retrospectively reviewed 74 patients (85 hips) with a mean age of 54 years (range, 28-83 years) undergoing acetabular cup revision using a minor column allograft. A minor column allograft was used in uncontained acetabular bone defects sized between 30% and 50% of the acetabulum. Graft failure was considered to occur when the graft required revision with another graft, metal augment, reconstruction cage, or excision arthroplasty. The minimum followup was 5 years (mean, 16 years; range, 5.3-25 years). Results Twenty-three patients (27 hips) had rerevision for all causes at a mean time to rerevision of 6.9 years (range, 0.1-23). Fifteen grafts failed at a mean time-to-rerevision of 6.1 years (range, 0.5-23.2). The 15-and 20-year Kaplan-Meier survivorships were 61% and 55% for cups and 78% for grafts with rerevision for all causes as end point. With rerevision for aseptic loosening as end point, survivorships were 67% and 61% for cups and 81% for grafts. The mean modified Harris hip scores were 41 (range, 20-60) preoperatively, 73 (range, 40-95) at 1 year postoperatively and 73 (range, 26-93) at last followup.
Introduction
Addressing uncontained acetabular bone defects during revision hip arthroplasty is challenging. In the physiologically young and active patient, restoration of host bone stock in addition to a stable functional arthroplasty with relief of pain is desirable to provide adequate support for the implant and to restore the hip center and leg lengths. Further, converting a difficult uncontained acetabular defect to a simpler contained defect would facilitate future rerevision surgery.
The treatment options and corresponding results for such defects depend on the size of the defect. Classification of defect size should reflect treatment options, complication risks, functional outcomes, and survivorships. It should also be sufficiently simple for practical use. We previously classified acetabular bone defects into Type 1, no major bone loss; Type 2, contained bone loss; Type 3, uncontained bone loss with defect size less than 50% of acetabulum; and Type 4, uncontained bone loss with defect size greater than 50% of acetabulum [5, 17] . Although this classification has not been formally validated with implant survivorships, it is more reproducible and reliable than others [19] such as the AAOS/D'Antonio classification [2] and the Paprosky classification [16] .
For Type 3 uncontained acetabular bone loss in which there is more than 30% but less than 50% acetabular bone loss, options for acetabular reconstruction include the use of impaction bone grafting [1, 23] , acetabular reinforcement ring [6, 18] , oblong cup [8, 10] , uncemented cup with high hip center [13] , structural allograft (minor column or shelf graft) [20, 25] , and trabecular metal cup with augment [11, 19, 21, 24] . Concerns have been expressed over early component migration and failure with impaction bone grafting in uncontained segmental acetabular bone defects. Van Haaren et al. [23] reported a 72% survivorship at a mean followup of 7 years (1.6-10) with revision for aseptic loosening as endpoint and Buttaro et al. [1] reported a 91% survivorship (n = 23) at a mean followup of 3 years (2-5) with 2 mm or more migration seen in all cups (median 3 mm, range, 2-25 mm). Acetabular reinforcement rings reportedly have more than 80% cup survivorships at 10 years [6, 18] . The use of high hip center arthroplasty has not been widespread and has been associated with leg shortening, impinging instability, lower functional scores and survivorship. Morag et al. [13] reported poorer survivorship (82% versus 94%), mean WOMAC scores (62 versus 70) and mean Harris Hip scores (70 versus 83) in patients with high hip centers ([ 35 mm above radiological teardrop, n = 31) compared to patients without high hip centers (n = 32) after revision at a mean followup of 10 years (range, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Studies reporting on the use of uncemented oblong cups were few with 90% midterm survivorships, but no long-term results [8, 10] . Trabecular metal cups and augments has been associated with survivorships around 97% at 3 years [11, 19, 21, 24] while minor column acetabular allografts around 80% survivorship at 10 years with cup revision for aseptic loosening as endpoint [7, 20, 25] . However, there remains a concern about further resorption, collapse, and failure.
We have previously reported a cup survivorship of 80% (n = 51) and a graft survivorship of 94% for revision arthroplasty with type 3 acetabular defect [25] . The mean followup period was 9.9 years (5.7 to 16.3) with failure defined as rerevision for aseptic loosening.
To confirm the longer-term fate of these allografts, we assessed the (1) rerevision rates for cup and graft with 15-and 20-year Kaplan-Meier survivorships; (2) radiographic graft union, graft resorption and cup migration;
(3) functional scores preoperatively, at 1 year and at last followup; and (4) other associated complications.
Patients and Methods
We retrospectively reviewed prospectively collected data on 74 patients (85 grafts) who had revision of the acetabular components using minor column allografts between 1984 and 2003. We considered a minor column (shelf) allograft was indicated when the acetabular defect was uncontained and involved more than 30% but less than 50% of the acetabulum. The acetabular defect size was assessed preoperatively by radiographs but mainly determined by intraoperative assessment. We included 21 patients in the survivorship analysis even though they died (4) or were lost to followup (17) before the 5-year followup mark. Of the 17 who were lost to followup before the 5-year followup mark, nine were operated in the 1980s, seven in the 1990s. The remaining 53 patients (64 hips) had a mean age of 54 years (range, 28-83) at the time of surgery and a mean followup duration of 16 years (range, . Among the 53 patients, five patients died after a mean followup of 12 years (range, 7-15) and 10 were lost to followup after a mean followup of 12 years (range, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . There were 36 patients with more than 15 years followup and 16 patients with more than 20 years followup.
We classified the defects using a previously published practical and simple classification system on acetabular defects [17] . Type I referred to no major loss of bone stock; Type II, contained loss of bone stock (cavitary); Type III, uncontained loss of bone stock involving less than 50% of acetabulum; Type IV, uncontained loss of bone stock involving more than 50% of acetabulum; and Type V, pelvic discontinuity with uncontained loss of bone stock. A minor column allograft was indicated for a Type III acetabular defect when the defect was less than 50% but more than 30% of the acetabulum. A defect less than 30% did not need grafting and a defect more than 50% needed a major column allograft in conjunction with a protective Burch-Schneider ilioischial cage or a Muller reinforcement roof ring [5] .
A single surgeon (AEG) performed all surgery. The surgical technique and postoperative care program have been previously described [7] . The surgical approach was transgluteal or through a modified trochanteric slide or extended trochanteric osteotomy. The hip was dislocated to remove the failed acetabular component, cement, and soft tissue debris. The acetabular bed was reamed and a trail cup was inserted to assess host acetabular percentage defect [11] . This was achieved by visually dividing the trial cup into 4 quadrants and assessing the amount of component uncoverage in each quadrant. We then determined the total amount of acetabular uncoverage that equated the acetabular defect size. Bone allograft was obtained from our institutional bone bank. Patient donor selection, harvesting, and processing of allografts were in accordance with the Musculoskeletal Council of the American Association of Tissue Banks [4, 14] . The allografts obtained were deep frozen at À70°C and irradiated with 2.5 megarads. Intraoperatively, the thawed structural allograft was shaped into the defect and routinely fixed with two 4.5-mm malleolar or 6.5-mm cancellous screws with washers. We placed morselized autografts or allografts at the graft-host junction on the ilium to act as a buttress graft. The acetabular bed was further prepared and part of the graft carefully reamed for optimal cup surface contact before the definitive acetabular component was cemented (during the early part of the study) or press-fitted (during the later part of the study) into the socket ( Fig. 1A-B ).
Prophylactic antibiotics were started intravenously at induction and were continued for 5 days after surgery. Deep vein thrombosis prophylaxis with subcutaneous enoxaparin was continued for 21 days after operation. Patients were instructed to avoid active abduction for 6 weeks but passive assisted abduction with physiotherapist was permitted. Nonweightbearing mobilization with 2 crutches was allowed but weight bearing was avoided for 3 months until radiographic evidence of graft host union was confirmed. Physiotherapy to improve gait pattern was occasionally prescribed thereafter, for example, for hip extensor or abductor strengthening for 2 to 6 months. All patients were routinely seen postoperatively at 6 weeks, 3 months, 6 months, 1 year and then annually. Routine clinical assessment included gait, leg length, wound, range of motion and neurological status. Radiological assessment included an anteroposterior pelvic view and a lateral view of the hip and entire prosthesis.
Our clinical outcomes measures were (1) survivorships for acetabular component and graft; (2) radiographic graft union, resorption and cup migration; (3) changes in the modified Harris hip scores [15] at 1 year and at last followup; and (4) other major complications.
Two of us (PTHL, GR) independently assessed radiographs in 38 of the 53 patients (40 of 64 grafts). This was because most of the 15 patients without radiographs for graft assessment had the index surgery and rerevision surgery in the 1980s and 1990s. The institution converted to digital imaging in 2003 and this resulted in loss of a proportion of the hard-copy radiographic archive. We assessed graft union, graft resorption and cup migration. Graft union was considered to occur when there was radiographic evidence of trabecular bridging at the grafthost interface. Graft resorption was assessed and classified using the techniques described by Jasty and Harris [9] . Graft resorption was considered to occur when there was an area of lucency within the graft on an AP pelvic radiograph. Resorption was considered ''mild'' when the area of resorption involved, seen as lucency, was less than one-third of the length of the graft; ''moderate'' when it involved more than a third but less than half of the length of the graft; and ''severe'' when it involved more than half of the length of the graft. Assessments were made by comparing radiographs obtained soon after the index operation and radiographs obtained at last followup visit. The presence of cup migration was grouped into less than 3 mm, between 3-5 mm and more than 5 mm. Cup migration of \ 3 mm was considered not significant. We expressed interobserver variability as a percentage of the difference in observations between the two observers for each radiological outcome measure. Our interobserver differences were 20% (8/40) for the presence or extent of graft resorption and 28% (11/40) for the presence or extent of cup migration. When migration of \ 3 mm was considered as not significant, the interobserver difference on the presence of major cup migration was 5% (2/40). There were no interobserver differences on the assessment of graft union.
The Kaplan-Meier survivorship [3] for acetabular component was calculated with the four endpoints: (1) failure of the graft for non-septic causes; (2) failure of graft for any cause; (3) cup rerevision for aseptic loosening; and (4) cup rerevision for any cause. We defined graft failure when there was an uncontained acetabular defect during rerevision that required additional structural support in the form of structural allograft graft, metal augment, or reconstruction cage to achieve primary stability. A twostage rerevision or excisional arthroplasty was considered as graft failure while rerevision with cup-only exchange was considered as graft success. We used the Mann-Whitney U test to compare the modified Harris hip scores at 1 year after surgery and at the last followup assessment with the scores before surgery.
Results
Twenty-three patients (27 cups) required rerevision for any cause at a mean time-to-rerevision of 6.9 years (range, 0.1-23). The cup rerevision rate was 32%. The causes for cup failure were aseptic loosening or osteolysis (22), infection (two), dislocation (one), graft nonunion (one), and acetabular component fracture (one). The treatment for cup failure included cup-only exchange (12), cup rerevision with structural allograft, cage or metal augment (12) , excision arthroplasty (two) and two-stage revision arthroplasty (one). Fifteen patients had graft failures at a mean time to rerevision of 6.1 years (range, 0.5-23). The graft failure rate was 18%. Causes for graft failure included aseptic loosening or osteolysis (11) , infection (two), acetabular component fracture (one), and graft nonunion (one). Treatments included minor column graft (six), major column graft (four), metal augment (one), excision arthroplasty (two), trabecular metal cup-cage reconstruction (one), and two-stage revision arthroplasty (one). The 2-stage revision and one of the excision arthroplasties were performed for infection.
The 15-and 20-year Kaplan-Meier survivorships for cup were 61% and 55% with the end point defined as rerevision for any cause (Fig. 2) . With the end point defined as rerevision for aseptic loosening, the survivorships were 67% and 61% (Fig. 3) . The 15-and 20-year Kaplan-Meier survivorships for graft were 78% with the end point defined as rerevision for any cause (Fig. 4) . With the end point defined as rerevision for nonseptic failure, the 15-and 20-year survivorships were 81% (Fig. 5 ).
All grafts healed radiographically with trabecular bridging at the graft-host junction except for one. All patients had resorption except for seven (17.5%). Graft resorption was considered mild in 28 patients (70%), moderate in three (7.5%), and severe in two (5%). There were six cup rerevisions and one graft failure in patients with mild resorption at a minimum followup of 4.4 years (mean, 16.2 years; range, 4.4-24.8 years) (one case was included with less than 5 years followup because of cup and graft failure). None of the three patients with moderate graft resorption had rerevision at a minimum followup of 11 years (mean, 14.7 years; range, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The two patients with severe resorption had graft failure and rerevision at 4 and 23 years after the index surgery. Cup migration occurred in 18 patients. Ten patients migrated less than 3 mm, of which there were three cup rerevisions, including one graft failure. Five had migrated between 3 and 5 mm but subsequently stabilized and did not required rerevision surgery. Three patients had migrated more than 5 mm and underwent rerevisions. Of the 25 patients for whom radiographs of the graft were not available for assessment, there were 19 cup failures, which included 13 graft failures that were mostly rerevised in the 1980s and 1990s.
The mean modified Harris hip score was 40.5 (range, 20-60) before surgery, 72.8 (range, 40-95) at 1 year after surgery and 73.1 (range, 26-93) at last followup assessment.
Associated complications included three dislocations treated with closed reduction, three nerve injuries that resolved with nonoperative treatment, and one minor column fracture during reduction that was treated nonoperatively without further complications. There was one intraoperative death from vascular complications despite pelvic angiography and iliac vessel embolization. This was due to screw placement outside the 'safe zone' [12] .
Discussion
The main concerns with minor column allograft in revision hip arthroplasty are longterm graft resorption, collapse, and failure. Despite reasonable function and survival from midterm reports [20, 25] , reports of long-term results are lacking. In this long-term study on minor column allograft, we have assessed and reported on the (1) rerevision rates for cup and graft with 15-and 20-year Kaplan-Meier survivorships for aseptic loosening and for all causes;
(2) radiographic graft union rates, the presence/extent of graft resorption and the presence/extent of cup migration;
(3) functional outcomes at 1 year and at last followup; and (4) other associated complications.
There were several limitations to our study. First, we lost 17 patients to followup. Most of these patients were operated in the 1980s and 1990s and were without known failures. Although they were lost before the 5-year mark, we have included them in the at risk population of the survivorship analysis and have censored them at the end of their respective followup period. Second, only 38 of 53 patients (40 of 64 grafts) had radiographs available for graft assessment. This was because most of the 15 patients without radiographs for graft assessment had the index surgery and rerevision surgery in the 1980s and 1990s. The institution converted to digital imaging in 2003 and this resulted in loss of a proportion of the hard-copy radiographic archive. This was unfortunate because among this group of 15 patients (24 grafts), there were 13 graft failures that might help to show a relationship between graft resorption and failure. Third, the study consisted of a heterogeneous group of patients with regard to the number of previous hip arthroplasties ranging from one to six and the extent of surgery on the femoral side. Although we restricted the cohort to an acetabular defect of 30% to 50% Fig. 4 Kaplan-Meier survivorship is shown for graft with revision for any cause as the end point. of the acetabulum, it was difficult to quantify soft tissue function, which was generally indirectly related to the number of previous hip arthroplasties the patient had. Fourth, as experienced by other authors [23] , we experienced difficulty in quantifying the extent of graft resorption on AP pelvic radiographs. We had high interobserver consistency with the assessment of graft union and substantial cup migration of [ 3 mm but a 20% inconsistency with regard to the extent of graft resorption. Previous studies have not reported on interobserver variabilities on these radiographic assessments and we were unable to make comparison. We could find only two midterm reports on the use of acetabular structural allografts in revision hip arthroplasty that specifically addressed Type III acetabular defects ( Table 1 ). We could not find any long-term reports on revision arthroplasty using minor column allografts specifically for Type 3 acetabular defects. Two previous studies reported cup survivorships of 78 and 80% and graft survivorships of 100% and 94%, both with aseptic loosening as endpoints and similar mean followup durations of 10 years [20, 25] . Our long-term data at 15 and 20 years support the trend of graft survivorship in relation to cup survivorship. Almost half of the rerevisions for cups in our study were cup-only exchanges. This showed that the minor column graft was able to convert the previously uncontained segmental defect into a contained defect that did not require reconstructive augmentation with structural graft, metal augment, or cage during rerevision surgery for primary stability.
Our study supports previous studies on the high incidence of graft healing onto host bone [20, 25] . Radiographically the graft-host interdigitation presented as trabecular bridging at the graft-host junction in more than 95% of patients. Similar to previous studies [20, 25] , most of our patients experienced graft resorption and the majority of the resorptions were mild and severe resorptions were few. Also, patients with severe graft resorption almost all experienced graft failure but patients with minor graft resorption also experienced graft failure, although less frequently. In previous studies [20, 25] , there was no mention of the frequency or extent of cup migration for us to compare.
Similar to previous studies [20, 25] , there was substantial improvement in functional scores in general, despite frequent extensive concurrent or previous femoral side surgery and several previous acetabular side operations.
For type III acetabular defects, other options include the use of impaction bone grafting, reinforcement rings, high hip center arthroplasty, oblong cups and trabecular metal cups and augments ( Table 2 ). Concerns over migration and early failure remain with the use of impaction morselized allograft for uncontained acetabular segmental defects [1, 23] . The survivorships associated with the use of reinforcement ring were between 80 and 90% but with only 6 years mean followup duration [6, 18] . The use of high hip center arthroplasty has been associated with inferior results to arthroplasty with normal hip centers [13] . The survivorship with uncemented oblong cups is reportedly between 86% and 93% at mean followup durations between 6 to 9 years [8, 10] . However, these studies involved contained and uncontained defects. The result on trabecular metal cups and augments were encouraging with survivorships above 95% but these were short-term studies with mean followup durations of about 3 years [11, 19, 21, 22, 24] . Our data may provide a long term benchmark by which future treatments such as trabecular metal can be measured. We have started to use trabecular metal cups and augments in revision arthroplasty with type III acetabular defects (Fig. 6 ). Although the early results are encouraging and comparable to minor column grafts with similar followup duration, we cautioned its use as only short term results are available. In patients who are more likely to require further revision surgery, we continue to use minor column allografts to facilitate future potential rerevisions ( Fig. 7) . 
